ABSTRACT: A systematic quantitative method for the selection of models for the highconversion free radical polymerization exhibiting gel and glass effects has been developed. Four representative models were selected from the literature and were compared on the basis of the same experimental data. All models describe the isothermal timeconversion data over the entire conversion range for a single type and loading of initiator well. Models that are not considering the effect of molecular weight of the polymers on the diffusion of macro radicals fail to describe the time-conversion data if the concentration of the initiator varies at the same time. By simultaneous fitting of the conversion and polymerization degree data it was shown that the Marten-Hamielec model and its extended form (Panke-Stickler-Hamielec model) were not able to describe the number average polymerization degree Pn at the final conversion, where the glass effect occurs. This occurred because both models neglect the change of the radical efficiency f in this region, which has more effect on Pn than the change of the propagation rate coefficient (see part II of this series).
INTRODUCTION
spectively. The cage effect is related to the probability of a primary radical or fragment of initiator molecule to diffuse out of its cage in order to initiThe physical and mechanical properties of polymers can be strongly affected by the reaction conate a polymer chain. It enhances the primary radical recombination rate, thus reducing the initiator ditions during the production process. One of the main prerequisites for design and optimum operaefficiency f. In the past, some investigators considered f to be constant throughout the polymerization of a polymerization reactor is, therefore, the knowledge of the process kinetics. tion, i.e., until very high conversions. In recent In free radical polymerization three diffusionyears a few investigators disagree on this hypothcontrolled processes can take place beside the oresis and suggest from an experimental 1 -6,28,36 and dinary chemical reactions, namely, the cage, gel, theoretical point of view that the radical efficiency and glass effect, which are related to the initiareduces drastically in many orders of magnitude tion, termination, and propagation reactions, rewith monomer conversions, especially beyond 80% conversion. Due to the increase of the viscosity of the reac-of termination rate, which is known as the gel aM r k ia 2P 1 thermal initiation effect. It accelerates the rate of polymerization and may influence the molecular weight distribu-2. Propagation: P j / M r k p P j/1 tion (MWD) of the product in free radical polymerization provided that the termination of mac-3. Transfer: roradicals is not limited by the chain transfer re-P j / M r k tr , M M j / P 1 actions. It can also cause the thermal runaway of transfer to monomer a polymerization reactor. If the polymerization is conducted below the glass transition temperature P j / S r k tr , S M j / P 1 (T g ) of the polymer, the reaction medium becomes transfer to solvent glassy before reaching 100% monomer conversion because of the diffusion-controlled propagation re-P j / C r k tr , C M j / P 1 action (glass effect).
transfer to transfer agent Numerous attempts have been made to study and model free radical polymerizations up to high 4. Termination: conversions. A number of mathematical models
M j / M k success in fitting experimental data. These have been recently reviewed by Mita et al. 7 , Kiparisdisproportionation sides et al., 8 and Tefera. 9 Despite this, a consistent view point on the method of selection of modwhere I is the initiator, R primary initiator radiels to be a useful tool for the chemical engineer cal, a the reaction order of the thermal initiation, has not been yet established. The existing models M the monomer, M j dead polymer with degree must be evaluated consistently.
of polymerization j, P j the corresponding growing This article deals with the modeling of free radpolymer radical, and k the relevant rate conical polymerizations up to high conversions from stants. a chemical engineering point of view: for reactor design and scaleup try to reduce the number of free model constants that are to be estimated emKinetic Modeling pirically. In part I we select a model starting from four representative models. In part II an optimal
The development of the kinetic models is based semiempirical model will be developed that covers on the application of the method of moments to the changes of all reaction rate parameters over the mass balances for each of the species existing the entire course of the polymerization, and this in the polymerization mix (see Ray 34 and Bailladeveloped model will be tested in a wide range of gou and Soong 35 ). For a well-stirred batch reactor temperatures and component concentrations for according to this procedure and applying the long the radical polymerization of methyl methacrychain hypothesis (LCH) for the monomer conlate (MMA) in bulk, suspension, and solution and sumption and the quasi-steady-state approximawith and without chain transfer agents. tion (QSSA) for the radical concentrations, the following set of algebraic and nonlinear ordinary differential equations are obtained to describe the progress of the reaction and molecular weight de-
THEORETICAL ASPECTS
velopments:
Reaction Mechanism
Initiator consumption: 
Moments of the live polymer concentration distributions:
To obtain the integral number-average and weight-average degree of polymerization from moments, the following equations can be used:
From the above kinetic and moment equations, the instantaneous number-average and weight-
average degree of polymerizations could be derived; they are given by and applying QSSA for eqs.(6-8) we obtain
Equations (16) and (17) , the weight fraction
of the reaction component i, Yi, and degree of polymerizations (Pn, Pw) instead of the concentrations and moments of dead polymers, respecMoments of the dead polymer concentration tively, can be substituted in to the above equadistributions:
tions to give the following final equations for the model calculation:
where T * denotes the total transfer term T * Å k tr,M M / ktr,SS / k tr,C C, and l 0 , l 1 , and l 2 dY C dt Å 0k tr,C Y C l 0 (22) are the zeroth, first, and second moment of the growing radicals and m 0 , m 1 , m 2 are the corresponding moments of the dead polymers; V R is the total dP n dt 
ters with specific variables, for example, conversion or viscosity. Almost all models appearing in In the preceding sets of equations Y i represents the literature contain a number of adjustable pathe weight fraction of the components, P n and P w rameters estimated by fitting model predictions the number and weight average degree of polyto experimental data. Moreover, critical break merization and an overline means integrated points are often introduced to make the onset of value and the superscript d instantaneous value; different diffusional processes occur during the M M and r are the molecular weight of monomer polymerization. and the density of the polymerization mix, respecModels that correlate the rate parameters with tively. The number-and weight-average molecuthe viscosity of the reaction medium, the macrolar weights are obtained by multiplication of the viscosity, may not be applicable for other reaction corresponding polymerization degrees with the conditions, because the diffusion limitation of the molecular weight of monomer. rate may be caused by the increase of the microThe simultaneous numerical solution of the viscosity at the reaction sphere, rather than by above equations through the use of a standard the macroviscosity. The macroviscosity may not library subroutine (LSODA) has been the base be dependent on the microviscosity in a linear for the development of the parameter estimation manner. Such a correlation would be useful if the program P1, which is available in program packmicroviscosity of the reaction medium could be age ''PolyReac e .'' The details of the parameter esused instead of the macroviscosity and its experitimation program P1 and the mathematical methmental determination were possible. ods have been reported elsewhere. 33 Models that are based on the concept of reptaThe numerical values of the initial kinetic rate tion after de Gennes, 26 Ito, 19 and Tulig et al. 18 and constants and the physical and transport properentanglement idea of O'Driscol 20 leads to a better ties of the MMA-PMMA system are reported in understanding of the molecular motion of the Table I. macroradicals. These models correlate the termination rate constant with the polymer concentration and with the average chain length of the macAn Overview of Diffusion-Controlled Models roradicals. The model predictions of the conversion-time history up to 70-80% monomer In Table II and proposed a new form of chain length depentional diffusion of the macroradicals on the initial concentration of the initiator and the total radical dence of the termination rate constant. At the same time they divided the conversion range into concentration is adopted. Some authors correlated high conversion kinetfour parts, thus introducing critical transition points. In each region they define a distribution ics with the initial concentration of the initiator. The application of diffusion-controlled models, function that characterizes the chain length dependence of the termination rate constant. Some which contain the initial concentration of the initiator, on other polymerization conditions such as of the model parameters had to be determined by trial and error fitting, others could be evaluated in a semibatch polymerization with initiator feeding may not hold true (see, e.g., models of Soong separately. Their model was tested for six different monomers. Its applicability for the design of et al. and Moritz 12 ). As pointed out by Achilias and Kiparissides, 25 their model is based on that a polymerization reactor is limited because of its complexity and undefined temperature and conof Soong et al. and does not contain adjustable parameters. They reported in 1992 also that their centration dependence of the model parameters. In the region of final conversion, the difference model was extended by modeling the change of radical efficiency during the polymerization and between the results of model prediction and experiment is also too large.
that it also incorporates the reaction diffusion. All parameters in their models have a clear physical In the models of Soong et al. 24 and Buback 17 the diffusion effects are viewed as an integral part meaning and can be evaluated in terms of physical and transport properties of the reacting speof the termination and propagation reactions from the beginning until the end of the polymerization.
cies. Their aim to develop such physically meaningful models seems to be real and progressive. This eliminates the need for the use of a critical break point, the sudden introduction of diffusion But the comparison of model predictions with experimental results shows it to be unsatisfactory, effects, and the associated segmentation of model in different parts. Both models do not consider especially at very high conversions. The authors claim that this discrepancy be due to the nonisothe change of the radical efficiency. In the Buback model the reaction diffusion is included, while in thermal conditions of the experiments without any further proof. According to our knowledge, the Soong model the dependence of the transla- 
Buback model
Marten-Hamielec and Panke-Stickler-Hamielec model 21 ,27
Note that the initial conditions are inserted in the Buback model. this may be due to additional parameters in the Both models 1 and 2 represent models that do not comprise the influence of the molecular weight model that should be obtained from different experimental data. These correlations may not hold of neither the active nor the dead polymers, and they do not introduce break points, while the last true for the conditions in which the polymerization was conducted. Therefore, from a chemical two include the influence of the molecular weight of the dead polymers and have two break points. engineering point of view such extensive efforts of modeling may be useful if one reaches at least
The model equations are summarized in Table III . We propose the following steps as a useful proequal qualitative and quantitative agreement between model and experimental results as the semcedure to evaluate or compare models for high conversion polymerizations. As an example we iempirical models.
use the bulk polymerization of MMA with AIBN in which the conversion and degree of polymerizaModel Selection Methods tion were measured. Among the numerous published high conversion models four were selected to demonstrate the 1. Choose a minimum experimental data set with at least one objective variable and one model selection strategy. wards a single control or operating vari-4. Estimate the model flexibility, M f , of the able, for example, initial initiator concenmodels from step 2 and 3. Models that have tration, is defined as the ratio of the sum of a high model flexibility and a minimum SLSE of the single parameter adjustment, sum of the least square errors may be ex-F E ,i , and the SLSE of the simultaneous paamined in the next selection steps. rameter adjustment, F G .
5. Is there any other objective function for the given experiment to be adjusted [e.g., new objective function: degree of polymerizations (P n , P w )]? If yes, repeat step 1 to 4 and com- 6. Estimate the model parameters from isoWe next demonstrate these model selection steps using the above four mentioned models. thermal data and compare them with nonisothermal experiments. 7. Determine the sensibility of model parameters. Both of them should be dropped at this selection of each experiment. In all cases the SLSE lies in step because they can not fulfill the requirements the same order of magnitude. The model parameof an optimal model. The last two show higher ters of Buback (g3,g4) and Weickert (g1,g2) demodel flexibility and a minimum sum of the least pend on the initiator concentration as expected square errors. Even though the last two models because both models have no chain length dependshow a difference in their SLSE and M f , both will encies. On the other hand, the model parameters be examined in the next selection step because of both Panke et al. (PSH) and Marten et al. (MH) here the degree of polymerization will be included. models show no such dependence. It is apparent These models embody the weight-average molecufrom the results of Table IV that in case of PSH lar weight of the dead polymer. Because both modmodel we obtain a lower SLSE than that of the els differ only by the inclusion of the reaction dif-MH model. This is because the former accounts fusion term, the next step may also give us an for the reaction diffusion, which is an important insight on the importance of the reaction diffusion additional elementary process step.
RESULT AND DISCUSSION
term. In the next selection step, the three experimental data sets above with 0.1, 0.3, and 0.5 wt % of AIBN were taken and the model parameters We next investigate the applicability of both the MH and PSH models by simultaneous parameter is obvious from the Figure 2(a-d) estimation from a single experimental data set. tween experimental and predicted values of P n and P w for the initial and intermediate polymerIn Figure 3(a-b) predicted results for conversion, P n and P w are compared to the corresponding exization range. But in both cases we observe a discrepancy between the predicted and experimental perimental values for the polymerization of MMA with 0.3 wt % AIBN at 70ЊC. The model paramevalues of P n and P w . The simulated value of P n especially converges to a very low value at very ters were determined by a simultaneous parameter estimation from conversion and average dehigh conversions. Such a low value of P n may be associated with a high concentration of radicals grees of polymerization, P n and P w . In general, there is for both models a good agreement beand the production of oligomers. This is due to the neglect of the change of the radical efficiency tween predicted and experimental values of the conversion. There is also a good agreement bein the glass effect region. The simulated radical 8e8d 3884 / 8E7C$$3884 01-28-97 08:44:42 polaa W: Poly Applied it was shown that the Marten-Hamielec model and its extended form (Panke-Stickler-Hamielec model) were not able to describe the number average polymerization degree P n at the final conversion, where the glass effect occurs. This phenomenon occurred because both models neglect the change of the radical efficiency f in this region, which has a great influence in the region of high conversion. In part II of this series, a semiempirical model will be developed that comprises the change of all reaction rate parameters over the entire course of polymerization.
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